In previous studies of the desalination technology membrane distillation (MD), superhydrophobicity of the membrane has been shown to dramatically decrease fouling in adverse conditions, but the mechanism for this is not well understood. Additionally, air layers present on submerged solid superhydrophobic surfaces have been shown to dramatically reduce biofouling, and air-bubbling has been used to reducing fouling in MD. The present work studies the effect of maintaining air layers on the membrane surface and superhydrophobicity as a new method for preventing fouling of MD membranes by salts, particulates, and organic particles. Superhydrophobic MD membranes were prepared using initiated chemical vapor deposition (iCVD) of perfluorodecyl acrylate (PFDA) on poly(vinyldene fluoride) PVDF membranes and used to study the effects of hydrophobicity on fouling. A static MD setup with evaporation through an MD membrane but no condensing of permeate was used to examine the effect of air exposure on fouling, by measuring the increase in weight of the membrane caused by scale deposition. Theory was derived for the reduction of fouling on superhydrophobic surfaces. Air layers may displace fouling gels, reduce the area of feed in contact with the membrane, reduce foulant adhesion, and enhance superhydrophobicity in a Cassie-Baxter state. The study shows that the presence of air on the membrane surface significantly reduces biological fouling, but in some cases had mildly exacerbating effects on fouling of salts, especially when the air was not saturated with water vapor. Air recharging combined with superhydrophobicity reduced fouling in several cases where hydrophobic membranes alone did little.
Scaling in Membrane Distillation
Membrane distillation is an emerging thermal desalination technology that relies on a porous hydrophobic membrane that passes water vapor but rejects liquid water [1] . Several MD module designs have been developed for reducing the specific energy consumption for desalination. MD can be configured indirect contact [2] or multistage vacuum configurations [3] with energy recovery in external heat exchangers or in air, permeate or conductive gap configuration with internal heat recovery [4] MD is known to be relatively more resistant to scaling of salts compared to other membrane-based desalination processes such as reverse osmosis (RO) [5, 6] . However, the mechanism for this resistance is poorly understood [7] . Fouling of the membrane surface impairs MD performance by blocking the surface, which reduces permeate flux, and may cause wetting of the saline feed through the membrane, contaminating the permeate.
Past studies on superhydrophobic MD membranes have shown extreme resistance to scaling [8, 9] , which included a reduction in surface nucleation and particulate attachment [10] . Additionally, past studies on MD have also found that nucleation in the bulk feed fluid contributes significantly to MD fouling [11] . Studies on submerged superhydrophobic surfaces with visible air layers have shown extreme resistance to biofouling [12] .
In desalination systems including membrane distillation, several types of scale dominate. Calcium scale, including calcium sulfate and calcium carbonate, are among the least soluble and most problematic inorganic scale in seawater and various groundwater sources [13] . For systems that experience regular dry out such as remote solar thermal desalination, significant sodium chloride is often left behind after evaporation [7] , since it is present in such high levels in most waters. Finally, in seawater applications, the remains of algae often cause biological fouling, and in fact the polysaccharide alginate is often used to study algae fouling [14, 15] . Alginate can form a gel layer on membrane surfaces that causes significant diffusion resistance [16] .
For inorganic scaling to occur, two steps are involved: first nucleation of crystals from the solution, followed by crystal growth [17] . Crystal growth on stable crystals is spontaneous in saturated solutions [18] , so the key to avoiding crystallization is to extend the induction time before nucleation occurs. The degree of saturation is measured by the saturation index (SI), which is a log scale of saturation, where 0 is saturated and 1 is 10 times the saturation concentration [19] . (1) where Cx is the local concentration and Csat is the saturated concentration.
Previous studies have shown bubbling of air in the MD feed could reduce fouling, which was largely attributed to reduced concentration polarization by increased mixing [20] . Because of the effectiveness of air layers and superhydrophobicity for fouling prevention of MD membranes and other surfaces, as well as the desire to reduce wetting, it is hypothesized in the present work that deliberately introducing air into the MD feed stream periodically could reduce fouling. Under this hypothesis, the air layer formed on the membrane surface may act as a barrier to particulate fouling, reducing the adhesion rate and reducing particle advection to the surface by physically blocking them. The introduction of air may also remove particles which are weakly adhered, as the particles may leave with water that the air displaces. The periodic introduction of air may allow wetted membrane sections to recover lost hydrophobicity, reducing the risk of the feed contaminating the permeate.
In the present study, NaCl, CaSO4, silica, and alginate foulants were each tested in a beaker-based MD setup with different methods of air exposure. Lifting horizontally and vertically, as well as the introduction of water-vapor saturated air bubbles, were techniques applied to either regular hydrophobic or coated superhydrophobic MD membranes. The rate of scale deposition by mass was used to examine the effect of air recharging on reducing fouling on different types of MD membranes. 
Particulate and Biofouling in MD
The physical behavior of the types of foulants that may be present in the feed water must be understood to predict and explain fouling phenomena.
If particles deposit on the membrane, either from biological fouling, particulate fouling, or bulk nucleation, then the flux of particles to the surface can be modeled as follows, which was previously applied for particulate deposition on RO membranes [21] : (2) where Cx is the foulant mass concentration, p is the permeate velocity, δc is the fouling layer average thickness, α is called the "foulant sticking efficiency," and t is the time elapsed.
An air layer on the surface of the membrane may alter deposition by blocking foulant from adhering, which may reduce the likelihood that particles convected to the surface will stick to it, thus reducing the foulant sticking efficiency, α. If the air layer is allowed to fully disappear, it will still improve the process by reducing wetting, and thus the depth of water penetrating into the membrane.
Superhydrophobicity may also help remove particulate and organic fouling. Simply, superhydrophobicity reduces the work of adhesion, which more readily allows water to be removed from the surface, where it may carry away other foulants [22] . The work of adhesion is given as:
where is the work of adhesion and is the receding contact angle [22] .
Thermodynamic Theory Derivation for the Impact of Air Layers on Inorganic Fouling
(1)(2)(3)
Inorganic Fouling and Nucleation Kinetics

Salt Nucleation Induction Time and Thermodynamics
Previous studies have examined the Gibbs energy of formation (∆G * ) on the microporous hydrophobic membrane distillation surfaces as a function of the PVDF-crystal-liquid static contact angle, θpcl. This formation energy is given as follows, originally derived by Volmer [23, 24] : (4) Homogeneous nucleation refers to classical nucleation theory in the pure bulk, which can be derived from the surface energy (proportional to area) and the energy of phase transformation (volumetric) [18] . Meanwhile, heterogeneous nucleation refers to nucleation at interfaces, including on surfaces and particles in the bulk. Studies have shown that heterogeneous nucleation in the bulk dominates in MD, as atmospheric dust and other contaminants still cause bulk heterogeneous nucleation to exceed membrane-surface heterogeneous nucleation or homogeneous nucleation, even in very pure solutions [11] . The equation above shows that heterogeneous nucleation is favored, as its energy barrier is much smaller. As approaches 180°, the approaches the (large) energy barrier for homogeneous nucleation.
As approaches 0°, also approaches 0 (Figure 2 .
Nucleation induction time is exponentially dependent on the Gibbs free energy barrier; small differences in this barrier can make nucleation much more rapid. The induction time is delay time before readily observable formation of a large number of stable nuclei. The induction time for homogeneous nucleation is (5) where N is the number of foulant molecules per unit volume, k is the Boltzmann constant, T is temperature in kelvins, and A is a pre-exponential factor usually found through experiments [24] . Crucially, the air-water interface can induce heterogeneous nucleation [25, 26, 27, 28] , partly because it disturbs the solution and also usually contains a higher quantity of foreign particles that may act as nucleation sizes.
As a result, the presence of air, other surfaces, or colloids may cause heterogeneous nucleation. A fraction of the particles nucleating elsewhere may then deposit on the membrane surface, as seen in equation (2). This may foul MD systems in conditions where the induction time of the membrane and homogeneous nucleation would otherwise be hours or days, long enough to avoid fouling. Therefore, since air layers may block the membrane surface but encourage nucleation, they may either help or hinder fouling: the present study is the first to study both these competing effects.
Deriving a Relationship between Superhydrophobicity and Inorganic Fouling Resistance
Previous experimental observations have linked superhydrophobicity and increased fouling resistance, including a decreased nucleation rate, increased induction time, reduced bacteria absorption, and decreased fouling layer thickness [8, 9] . The link can be seen indirectly in previous work through the use of contact angles and the Good-van Oss-Chaudhury equation to measure surface free energy [29] . As an example here, we derive a direct link between the superhydrophobicity and fouling resistance and use values for the foulant Gypsum which forms crystals on PVDF membranes.
In this derivation, we dissect the two Young's equations for the contact angles that define superhydrophobicity and the energy barrier of equation (4), seen in Figure 1 . These equations [17, 30] represent the easily measured contact angle with the surface, air, and liquid, as well as the contact angle for crystal nucleation, the solid-crystal-liquid contact angle, :
The terms in these equations are calculated using the Girifalco-Good-Fowkes equation [31] with the polar term modification by Owens et al. [32, 33] . The comparison between the two angles is made through a key shared term: the free energy of the substrate, p. By linking the two contact angles with substitution through this shared term, the Volmer equation (4) for Gibbs free energy barrier for nucleation can be directly linked and graphed versus the contact angle that defines superhydrophobicity in Figure 2 . In Young's equation, θ is the contact angle of interest, the 's are surface energies, and the subscripts p, l, and c, represent the PVDF substrate, liquid (salt water), and crystal (gypsum) components [17, 30] . Notably, the surface free energy (e.g., ) is the same as the surface tension between the material and vapor (e.g. ): here the variable without the vapor subscript will be used for simplicity. The names and values of all these variables are given in , which shows contact angles and surface tensions for the example scenario. [34] .
However, not all surface interfacial energies between materials are readily available. Other surface energies can be found by using the Girifalco-Good-Fowkes equation with the polar term modification by Owens et al. This equation for the PVDF and crystal interfacial energy is given as follows:
where the superscripts d and AB stand for the Van der Waal dispersion contribution and the acid base (polar) contributions, respectively. The acid base contribution can be found with the equation:
where and are the positive and negative contributions to the acid base energy. These are usually determined for a surface by simultaneously solving the equation for the Van Oss-Chaudhury-Good approach while using at least three different reference liquids [43] .
The modified Girifalco equation can be substituted into the first Young's equation (6), for eventual substitution into the nucleation energy barrier by Volmer, equation
The Grifalco equation can also be substituted in to the Young's equation for the crystal-substrate-liquid contact angle, into both terms in the numerator:
The first Young's equation (10) for can then be solved for the dispersion force of the membrane, , which can then be substituted in where this term appears in the second Young's equation (11) for . Almost all the other terms are functions of liquid water, which is unaffected by a change in hydrophobicity, or equivlently, . The acid base term, , also may vary with , but is relatively small for PVDF and would exhibit the same trend, so this approximation is acceptable. surface tension of water 72.8 [36, 38] water surface free energy due to dispersion forces 21.8 [34, 38] surface free energy of water due to acidbase (polar) forces 51 [34] PVDF-water surface tension 32.53 [36, 37] PVDF surface free energy 33.8 [36, 37] PVDF surface free energy due to dispersion forces 23.3 [39] surface free energy of PVDF due to acid-base (polar) forces 12.6 [40, 39, 41] PVDF-crystal interfacial energy 11.78 Calc.
crystal surface free energy 47.76 [34, 42] crystal-water interfacial energy 45.20 [34] crystal surface free energy due to dispersion forces 47.14 [42] surface free energy of crystals due to acid-base (polar) forces 0.62 [42] 6 (12a)
In words, this equation can be broken in three parts in the numerator:
Here, in equation (12), the direct relationship between the contact angle that describes hydrophobicity, , and angle for the Volmer equation (4) is shown.
As the surface becomes more hydrophobic, approaches negative 1, causing to decrease as well. The acid base terms are small for the gypsum-PVDF system, so the term with has a dominating effect on the other angle,
. As approaches -1, the Gibbs free energy barrier for heterogeneous nucleation aproaches that for homogeneous nucleation, as seen in equation (4). Because homogeneous nucleation has a high energy barrier and does not occur readily, this means that nucleation of both types becomes unlikely as the surface becomes more hydrophobic. Equation (12) may be substituted into equation (4) , and the result is graphed in Figure 2 . . shows that for larger values of either contact angle, the Gibbs free energy required to nucleate on the membrane surface is increased, approaching that required for homogeneous nucleation in the bulk liquid. This means that MD membranes with large contact angles are not favored as a location for nucleation. Heterogeneous nucleation, however, can still occur on any small foreign particles in the bulk liquid, and it would be favored over either homogeneous nucleation in the bulk or heterogeneous nucleation on the membrane surface [43] . In fact, studies examining mechanisms of CaSO4 fouling have found that colloidal fouling from the bulk dominates, which can be modelled with Extended Dejaguin−Landau−Verwey−Overbeek (XDLVO) theory [29] .
There are several important caveats for this calculation seen in Figure 2 . . Different studies often disagree on the values for surface tensions. For the present analysis, multiple references were compared to find two or more sources with values that were in agreement, and studies with more test liquids were prioritized. Additionally, the constraints of the Young equation for all three contact angles and Girifalco-Good equation were checked to ensure self-consistency. The analysis (and Young's equation) neglects surface roughness, which is expected to decrease the Gibbs free energy barrier by providing more volume without increasing liquid-solid surface area, assuming a nonwetting Cassie-Baxter regime. Other factors such as functional groups on surfaces as well as surface topography also play a roll. Finally, these results embody the limitations of classical nucleation theory.
Effect of Roughness and Air Layers on Superhydrophobicity
The periodic introduction of air onto a membrane surface can help maintain a larger area fraction of the surface that contains air. For hydrophobic surfaces where the water does not fully wet into the surface, such as MD membranes, the hydrophobicity can be modeled with the Cassie-Baxter approach. The contact angle measuring hydrophobicity for surfaces with Cassie-Baxter nonwetting is measured as a weighted average of the components of the surface, in this case the highly hydrophobic air, and the membrane surface ( Figure 3 ). The equation is as follows:
To the extent that the surface is mixed between these types at a length scale smaller than the critical nucleus, the angle may be applied to the nucleation energy barrier equation (12) in the previous chapter, 2.1.2. For CaSO4 fouling on a PVDF membrane, this is an acceptable assumption. At very high supersaturation however, the critical nucleus may be as small as a few hundred molecules, so the effective angle may lie somewhere in between and
. Previous studies on fouling use the advancing contact angle on a Cassie-Baxter surface to estimate the true contact angle relevant for the other analysis [29] .
Methodology
Static membrane distillation setup
A static MD setup was created to analyze the effect of introducing air layers to reduce fouling. This simple set up lacks water recovery like a full MD system; instead, it simply analyzes the effect of air layers on an MD membrane that separates a hot well-mixed saline solution from turbulent dry air. This design allows for typical MD conditions on the feed side, while allowing for rapid results and more precise weight measurement of foulants.
In a static MD setup (Figure 4) , the MD membrane rests on the surface of a beaker, with various foulants in the water. A stirrer keeps the solution well mixed, and a hot plate with temperature controls keeps it at a constant temperature. A fan situated one meter away from the apparatus blows arid air over the system. Fouling was observed by weighing the membrane before and after running the experiment. After the experiment, the weight was measured twice to account for water remaining on the membrane: first, a few seconds after the experiment to weigh water left clinging to the membrane, and again a few hours later to measure the dry weight. The three weights were then compared, using the salt concentration of the water on the membrane surface, to determine how much weight of salt precipitated onto the membrane during the MD process itself and how much was added by foulants in water remaining on the surface.
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The static setup was validated as a good representation of the feed-side thermo-fluids and heat transfer effects in MD with a direct comparison to full-apparatus MD conditions, by comparing to fouling results in AGMD from [11] . The system had similar average feed bulk velocity, permeate flux, and temperatures as full MD systems. A stirrer kept the feed well mixed and at a similar average velocity to full-MD setups. The evaporation rate (~5 LMH) was similar to that in [11] when a more realistic temperature difference (∆T) between feed and hot side is used. Temperature and concentration polarization effects in the feed were very similar to that of [11] operated at lower ∆T. The concentrations where significant fouling was observed with CaSO4 in these trials correlated with those from [11] where flux decline and wetting occurred.
Figure 4. Experimental setup of evaporation and scaling through a MD membrane
The experiment took place under a fume hood with consistent conditions between trials. A humidity meter was placed inside plate was well insulated with a 2.5 cm thick foam insulation sheet so that it would not significantly warm the air circulated by the fan. For temperature readings, measurement was done with a handheld Omega Microprocessor Thermometer, Model HH23, with a type J-K-T thermocouple. Humidity was measured with an Avianweb Digital Mini Instant-Read Temperature and Humidity Gauge, part number B00U2S6JSC. Several different methods of air recharging were tried. This ensured that variables outside the scope of study, such as the evaporation of water on the membrane surface during air recharging, did not affect the results. In the lifting methods (5 a and b), the membrane is gently lifted vertically, and the saline water rolls off the hydrophobic surface back into the solution. The vertical lifting case allowed more water droplets to roll off the surface than did the horizontal lifting. For the syringe method (5c), saturated air bubbles were injected periodically near the center of the device, 5 mL per injection. The syringe contained water to ensure saturation. The added air to the small 80 mL beaker caused the membrane to briefly lose touch with the surface. These methods all rely on displacement of water from the membrane under short time periods, rather than evaporation.
The air recharging was done by periodically lifting the membrane off of the surface for a specific duration and frequency. A lift time of 10 seconds was used as this was sufficient for most of the water to drain off due to gravity, but not so long such that significant dry out by evaporation would occur on the membrane surface. A variety of configurations and lifting frequencies was examined to determine which was the most effective. A horizontal lift position (Fig. 3a) means that the membrane was lifted without any tilting, whereas a vertical lifting configuration (Fig. 3b) rotated the membrane 90°. Lifting was done with tweezers, with two ~0.5 mm small lift tabs cut into the edges of the original membrane, ~0.5 mm x 0.5 mm. Trials each lasted one hour. Condensate flux was measured by volume change in the beaker. This volume change was a small fraction of overall volume on the time scales studies, avoiding any significant effects of changing water height. The experimental cases considered are summarized in Table 3 .1, and values of related variables are given in Table 3 .2.
Several foulants were examined. NaCl and CaSO4 are common salts that scale in desalination systems, silica is a common inorganic foulant, and alginate is a component of biofouling from algae, which forms a fouling gel layer. The concentrations of the salts were chosen to be supersaturated at the membrane surface, except for some of the NaCl cases. For the colloids Silica and Alginate, concentrations known to produce fouling in MD systems were chosen. All substances were reagent grade from Sigma-Aldrich, and prepared with DI water. All hydrophobic cases (tests A and B) used the PVDF membrane, and all superhydrophobic cases (tests C and D) used the same PVDF membrane coated with PFDA via iCVD. All superhydrophobic samples used were created during one iCVD experiment run, ensuring nearly identical properties. 
Superhydrophobic Membrane Preparation and Testing
The hydrophobic membranes were commercial polyvinylidene fluoride (PVDF) membranes (Millipore Immobilon-PSQ, 0.2 μm pore size, part # ISEQ 000 10). The superhydrophobic membranes were prepared using the same PVDF membranes treated with a conformal coating of poly-(1H,1H,2H,2H-perfluorodecyl acrylate) (PPFDA). The coating was produced using initiated chemical vapor deposition (iCVD). iCVD of the PPFDA was conducted using a custom-built reactor using a process described previously [44] . iCVD of PPFDA has been previously used to create hydrophobic, conformal coating on membranes [45, 46] .
PFDA monomer (97% Sigma-Aldrich) and t-butyl peroxide initiator (TBPO) (98% Sigma-Aldrich) were used without further purification. The monomer was heated to 80 °C and fed into the chamber at a rate of 0.03 sccm(standard cubic centimeter per minute). The initiator was kept at room temperature and was fed into the chamber at a rate of 1.0 sccm. The total pressure in the chamber was maintained at 45 mTorr throughout the deposition using a mechanical pump (45 CFM pumping speed, Alcatel). The reactor was equipped with an array of 14 parallel filaments (80% Ni, 20% Cr) resistively heated to 210 °C. The membranes were placed on a stage that was maintained at 30 °C using a recirculating chiller/heater (NESLAB). A 200 nm thick PFDA film was deposited after which the filaments were turned off and deposition was halted. The deposition rate was 1.8 nm/min.
Contact angles of water on the membrane surfaces were measured using a goniometer equipped with an automatic dispenser (model 590, Ramé-Hart). DropImage software was used to acquire images for measurement. A 3 µL drop of room-temperature DI water was first placed onto the membrane surface. The contact angle of the drop on the surface was measured at this time to determine the static contact angle. Water was then added to this drop in increments of 2 µL, and the angle between the advancing drop and the membrane surface was measured 1 second after each addition. The maximum of these measured angles was considered the advancing contact angle. Receding contact angle was measured by removing 2 µL of water at a time from the drop and measuring the angle between the receding drop and the surface 1 second after each removal. The lowest value observed was the receding contact angle. Measurements on at least five locations on each membrane were taken and averaged.
Air permeability was measured using a custom setup. A syringe-pump (PHD 22/2000, Harvard Apparatus) was used to push room-temperature air through a membrane held in a membrane holder (GE healthcare biosciences) at a rate of 210 mL/min. While the air was being pushed through the membrane, the pressure difference across the membrane was monitored using a USB pressure transducer with a precision of +/-0.03 kPa (PX409, Omega). This pressure difference was used to calculate the permeability to air of the membranes.
Scanning electron microscope (SEM) images (JEOL 6010a) and a porosity test were used to verify the conformity of the coating, and SEM was also used to study scaling after the tests.
Results and Discussion
Superhydrophobic membranes and their properties
The effect of the PPFDA coating on the PVDF membranes was determined by measuring contact angles and air permeability and taking SEM images of the membranes before and after coating. As expected, the PPFDA coating increased the hydrophobicity of the membranes (Table 4 .1), Advancing and static contact angles increased from hydrophobic to superhydrophobic (increases of 11° and 22° respectively). Receding contact angle had the most significant increase, transforming from less than to greater than 90° (an increase of 78°). These results were more dramatic than expected considering that both PVDF and PPFDA are fluorinated polymers. While PVDF has CF2 groups that alternate with CH2 moieties, The PPFDA has a perfluorinate sidechain, (CF2)7CF3 which orient toward interfaces with air. The terminal -CF3 group reduces surface energy further than CF2. The PPFDA sidechains also form a semi-crystalline structure which prevents the fluorine atoms from orienting away from water after contact [47] . This feature may explain why the PPFDA-coated membranes have hydrophobic receding contact angles unlike the uncoated PVDF membranes. For both membranes, the contact angles measured on the membranes are affected by the roughness of the surface and are significantly higher than the same chemistry would be if measured on a flat surface. Crucially, regarding the work of adhesion for particulate fouling, it is the receding contact angle that matters [22] , while for resistance to nucleation of inorganic fouling, the intrinsic angle matters (which is often approximated by the advancing contact angle).
Air permeability was measured (Table 4 .1) and SEM images of the membranes were taken before and after coating ( Figure  6 ) to verify the conformity of the coatings. The minor change in air permeability (< 7.5%) suggests that the coating did not significantly alter the total porosity or pore structure of the membranes. The hydrophobicity of the membranes after iCVD coating was also further illustrated by observation of an air layer during submersion in water ( Figure 7 ). For each angle measurement, 4 or 5 trials were performed, with a standard deviation between 2.1° and 11.9°. However, it is clear that the coated membranes have significantly higher receding contact angles than the uncoated membrane. Both membranes had a porosity of 80%. 
Scaling Results
The effectiveness of the air recharging and membrane superhydrophobicity were measured by the mass of salt adhered to the membrane after the experiment. SEM was performed as well for select cases. The salinity is characterized by the Saturation Index (SI), a log scale with 0 being saturated. The concentration was determined by measuring salt added with a mass scale, and the saturation concentration was calculated using the software PHREEQC (version 3) by USGS.
In the case of NaCl scaling, shown in Figure 8 , the air recharging trials with lifting consistently had more salt adhered to the membrane. As the water contains a high fraction of NaCl, water evaporating off the membrane after the experiment was over (dry out) left significant amounts of NaCl on the membrane, increasing the overall error. Notably, the total salt adherence for the trials with added air had similar masses added, regardless of the membrane used. This may suggest that nucleation in the bulk, not on the membrane itself, dominated over any nucleation or crystal growth at the membrane, a result found in previous MD studies [11] . Bulk conditions do not depend on the membrane, and particles in the bulk may then precipitate on the membrane, increasing its mass. This aligns with the expected thermodynamics of MD systems with added air, where scaling on the hydrophobic membrane is relatively unfavorable but heterogeneous scaling at the air-liquid interface may be significant. This interface nucleation occurs both because disturbances such as moving bubbles tends to encourage nucleation, and because any insoluble contaminants tend to migrate to these interfaces, which can act as nuclei for nucleation.
NaCl salt crystals can be seen in Figure 9 . These crystals span multiple orders of magnitude. Notably, there were few crystals visible embedded deep into the pores, likely because of minimal wetting of the water into the superhydrophobic surface. This is very desirable, as crystals forming in the pores have been shown to cause wetting, contaminating the permeate [7] . Since crystal growth is much more thermodynamically favorable on the crystals themselves rather than the membrane, most of the membrane surface is not blocked by any crystal.
No differences were seen between the vertical and horizontal lifting methods of adding air (trials 1-4). Evaporation into the air during lifting may leave salt crystals behind, but this can be avoided if the air is supersaturated and is at least at the temperature of the feed solution. The salt deposition was compared between the brief 10 second lifting periods, and with the syringe containing hot saturated air. Both trials showed that the air addition to NaCl exacerbated scale deposition, and repeated experiments confirmed that result. The salt deposition was reduced with the hot saturated air, but did not appear dominant as the mass added changed little. However, in the case of air added with the syringe, the results were much different for NaCl ( Figure 10 ). Little salt adhered to the membrane during operation in the air recharging cases. However, the salt masses added during dry-out after ending the experiment were large, due to the high concentration of NaCl leaving significant mass behind as it evaporated. This created high uncertainty and large error bars for NaCl compared to the other foulants. Notably, the air added with the syringe is saturated with water vapor while the air exposed to the surface in the lifting trials is sub-saturated. In those lifting trials, significant evaporation may occur during operation, leaving salts on the surface, thus explaining the detrimental effect of air layers in that case as opposed to the saturated case. Figure 10 . Mass of Salt Adhering to MD Membrane, 25% NaCl with syringe (Trial 8). Includes trials for hydrophobic "H", superhydrophobic "Super H," air recharging "air," and no air recharging, "none."
The frequency of air recharging was varied as well (trials 1 and 2), but this did not show significant differences over the range of frequencies examined. For the CaSO4 trials, the introduction of air had a varied effect in reducing fouling, where it helped in the superhydrophobic case, but made things worse for the control, as seen in Figure 11 . However, the trials without air recharging did not vary substantially from one another, while the trials with air recharging did. The superhydrophobic membrane shows a vast reduction in salt mass relative to the hydrophobic case. The superhydrophobic membranes were able to sustain a substantially thicker air layer as seen in the image of Figure 7 , and the superior buffering effect of this layer may be the reason for the difference. Meanwhile, as in the NaCl experiments, the introduction of air may have caused heterogeneous nucleation at the interface, increasing the salt adherence in the hydrophobic case. Because of the low solubility of CaSO4 in water and thus the small concentration, the calcium sulfate salt deposited while drying the membrane was minimal, reducing the uncertainties. The differing fouling effects for hydrophobic air recharging (test B only) of the salts NaCl and CaSO4 ( Figure 10 and Figure 11 )is interesting, and it may be related to several factors. First, the hydrophobic case is less water repelling, and thus may benefit less from air layers. Second, the induction times of the salts may differ: calcium sulfate is known for its particularly long induction times [48] . Calcium sulfate also tends to form long needle-like structures, compared to the more squat structures of NaCl. Other factors may also have an influence: less salt was deposited in the CaSO4 trials, the crystal growth rates of the salt vary, and the salinity for the NaCl experiments is large enough to affect water properties such as surface tension, which the presence of crystals may affect as well [49] . Since the hydrophobic case of CaSO4 with air layers performed poorly, it is likely that the difference is not related to nucleation in the induced from the air, as that would have been the same. However, there is insufficient data to explain this trend adequately, so no speculations are made here. For the case of Silica, the superhydrophobic membrane fared worse, but improved with air layers (Figure 12 ). However, this improvement still had similar and slightly worse performance than the control.
For the deposition of Silica compounds, generally, polymerization of silicic acid by dehydration occurs, including crosslinking and aggregation by Van der Waals forces, creating negatively charged colloids [50] . The aggregation leads to soft gels on the membrane surface [50] . Only in this trial did the superhydrophobic surface perform worse that the control surface. Perhaps the surface plays a role in the coalescing steps. Alternatively, superhydrophobic surfaces are known to have a lower charge density [51] , and thus may repel these negatively charged colloids less, causing a relative increase in colloidal adherence to the membrane. The introduction and maintenance of air layers on the membrane surface caused a profound and consistent reduction in biofouling of alginate ( Figure 13 ). Alginate, which forms a gel in the presence of calcium [52] , does not follow classical crystalline nucleation. These large molecules are already colloids, and so do not have a prolonged induction time like nucleating salts [53] ; given sufficient minimum concentration, gels form in a matter of seconds. Therefore, the induction of nucleation by air layers was not a factor. The air layers were thus able to reduce the contact area and adherence of the gel, substantially reducing fouling. The introduction of air may act to displace the gel, which given its internal cohesion, may peel off almost entirely. In the experiments there was barely any visible gel adhered in the air recharging cases.
Notably, while Ca 2+ is part of the gel, no scaling of CaCl2 occurred here, as it is extremely soluble and was orders of magnitude below saturation concentrations. This result shows that air layers may be helpful in reducing biofouling in MD, which is particularly important for MD because the hydrophobicity of MD membranes tends to make them oleophilic [5] . These experiments on a diverse variety of foulants give an overall picture for how air layers impact fouling in MD. As discussed in the introduction, nucleation thermodynamics indicate that the air-water interface encourages heterogeneous nucleation more than hydrophobic microporous membranes do [23, 24] . Furthermore, several experiments in the literature have shown the presence of air interfaces to encourage nucleation [25, 26, 27] , and [28] . Nucleation is the initial step, and typically the limiting step for salt scaling, although does not describe gel formation of alginate biofilms [14] .
Some other notable trends were observed as well. Solutions with a larger mass fraction of foulant had larger masses adhered to the membrane. In fact, the total average mass added, when ordered, has the same ordering as that of the mass fraction of foulant: NaCl, Silica, CaSO4, and finally Alginate. Solutions with a smaller mass fraction of foulant also benefitted more from the presence of air layers. A related trend: the foulants showing the biggest reduction in the presence of air layers were the ones that were the least soluble.
A summary of the results is shown given in Table 4 .3. In Table 4 .3., darker red indicates significant increases in foulant mass adhered to the membrane, while dark green indicates significant reduction in fouling mass. The air layers provided extreme benefits in the prevention of biofouling. The * indicate where error bars were too large to truly know the result. Notably, when the air exposure is by lifting with exposure to colder (~25°C) air not saturated with water vapor, the air layers significantly hindered the processes instead of helping, increasing salt deposition by as much as 500%.
Conclusion
The introduction of air layers had significant but varied effects, depending on the foulant studied and method of air addition. In the case of NaCl exposed to colder arid air, and for CaSO4 with a less hydrophobic membrane, air layers worsened fouling, increasing the amount of mass left on the membrane. However, biofouling, studied with alginate and calcium ions, had the opposite effect. The air layers reduced fouling by as much as 96%. The introduction of air layers also reduced fouling for superhydrophobic membranes paired with NaCl, calcium sulfate and colloidal silica. However, the improved value for silica was still worse than the control membrane. The anti-fouling effects and exacerbating-fouling effects can be explained by two separate mechanisms:
The presence of air layers reduces the membrane area in contact with the solution, preventing fouling on hydrophobic and especially superhydrophobic surfaces. These results indicate that maintaining air layers on MD membranes can dramatically reduce biofouling, but with varied and often detrimental results to preventing inorganic scale. This may suggests that studies from the literature encouraging air bubbling to reduce fouling by concentration polarization reduction should be viewed with caution, and designed to ensure saturated warm air in the bubbles.
A second mechanism explains the observed increased fouling for salts but decreased biofouling: nucleation of salts at the air-water interface. The thermodynamics of nucleation support this idea: the Gibbs free energy barrier for heterogeneous nucleation at interfaces is much lower than that of the membrane. Furthermore, numerous studies in the literature have observed heterogeneous nucleation preferentially occurring at air-water interfaces. Another mechanism may worsen fouling as well: evaporation of water during the introduction of air layers, which can leave crystals behind. Figure 14 . Plot of the energy barrier of formation ΔG* versus r, the radius of minimum stable crystal nuclei, with examples of membrane and surface heterogeneous nucleation, adapted from (Ragone, 1994)
As seen in Figure 14 , the energy barrier for heterogeneous nucleation is much smaller than that of homogeneous nucleation.
As the induction time is exponentially related to the Gibbs free energy to form a minimum stable nucleus, it can be expected that most nucleation will be heterogeneous, if surfaces, particles, or interfaces are present to cause it. 
Contact angle testing
Calculation of Salt left from Operation, using original, wet, and dry weights
Three mass measurements are made of the membrane, and are numbered in chronological order. The mass of the membrane before the experiment is . The mass of the membrane just moments after the experiment is ended (~30 seconds) is , and includes mass added from water droplets adhered to the membrane. The third mass, , is measured after all water has evaporated from the membrane surface (4+ hours after removal). The mass of foulant left by evaporation of adhered water droplets can be calculated from the first two masses, and the concentration of salt, as follows.
The mass of foulant that sticks to the membrane during MD operation, , is calculated as follows:
In the graphs presented, , is shown in orange, and is shown in red. The salt from operation refers to precipitation while membrane distillation is ongoing, while dry-out refers to salt left from adhered water, which dries after the experiment is over. As seen in Figure 15 and Figure 16 , significant salt was left by dryout (shown in red). This is significant due to the very high solubility of NaCl in water, making the mass fraction of the water very high (e.g. 25%). As a result, water evaporating off the membrane after the experiment contains significant salt, leaving a large mass behind in dry out. In Figure 17 and Figure 18 , the results of a trial of multiple foulants is shown. The results include Alginate, CaCl2, and Silica, and the same concentrations run elsewhere in the study. The foulants from operation graph is separated out in a separate graph since it is very small compared to that from running the experiment. There is a key difficulty in determining the exact masses adhered, which is why these results are merely in the appendix: without knowing the relative composition of the fouling layer, the masses are under-defined. Here, assuming that 1% or less of the fouling layer was Silica showed that like in the previous alginate experiments, the introduction of air layers dramatically reduces fouling. However, if the foulant layer contains the same concentration of Silica as in the bulk, the results are nonsensical, with negative mass quantities adhered ( Figure 19 ). All reasonable assumptions (without highly negative resulting values) showed that the air layers significantly reduced fouling despite the presence of Silica. Notably, Silica may also reduce the adherence of alginate gels to the membrane surface.
This mixed trial excluded CaSO4 and NaCl for a few important reasons. The alginate gels crosslink in the presence of Ca 2+ , which displaces Na + in the chains. Therefore, adding CaSO4 would significantly strengthen the gel layers, whereas adding NaCl would weaken them. The large impact of these competing effects would make the net effect of mixed foulants uncertain, and comparisons to the previous trials invalid. Additionally, reducing the complexity allows for better understanding of the results. Figure 19 . Weight of Salt Adhered to MD Membrane from operation only, Silica and Alginate (Trial 9), assuming gel fouling layer is 15% Silica (the bulk concentration)
